Previous work has shown that urinary lead, coproporphyrin (CP), and 8-aminolaevulinic acid (ALA) are closely related after exposure to lead. We have confirmed the relationship in 50 automobile workers with different exposures, and have also estimated porphobilinogen (PBG) levels. There was some evidence that a raised ALA level gave an earlier sign of lead absorption than a raised CP level. ALA-dehydratase activity (converting ALA to PBG) was greatly reduced by exposure, on the average to 20% of normal. This reduction in activity was strongly correlated with the increases in urinary lead, CP, and ALA and is the most sensitive test of exposure to lead.
(converting ALA to PBG) was greatly reduced by exposure, on the average to 20% of normal. This reduction in activity was strongly correlated with the increases in urinary lead, CP, and ALA and is the most sensitive test of exposure to lead.
A weak correlation was found between the number of coarsely stippled cells, or the basophilic quotient, and the urinary levels of lead, CP, and ALA.
In addition, the serum aspartate aminotransferase (SGOT) and serum alanine aminotransferase (SGPT) levels were estimated and were not affected by exposure to lead. The serum protein patterns and haemoglobin levels were also unaffected.
In the last decade several investigators have shown that workers exposed to inorganic lead have considerably raised 8-aminolaevulinic acid (ALA) levels in the urine (Holmqvist, I960; HaegerAronsen, I960; de Kretser and Waldron, I963; Gattner and Schrantz, 1964) . Most investigators found a linear relationship between the urinary concentrations of coproporphyrin (CP) and ALA both of which have also been correlated with lead concentrations in urine or in whole blood.
Raised ALA levels in urine are closely correlated with raised levels in serum (Chiesura and Brugnone, I963; Saita and Moreo, 196I) . ALA in serum appears to be the better test of lead absorption as it gives earlier signs of lead exposure, but its determination is difficult, because of its low concentrations. Tanabe (1959) found raised urinary concentrations of porphobilinogen (PBG) in cases of lead poisoning.
Haeger-Aronsen (I960) likewise reported an increased urinary output in leadpoisoned rabbits. These findings have been confirmed by other authors (Watson, Hawkinson, and Bossenmaier, 1953; Bashour, I954) in leadexposed workers. Griggs and Harris (I958) and de Kretser and Waldron (I963) , however, have stated that the excretion of PBG is not changed by lead exposure.
Waldman and Borman (I959) found increased serum aspartate aminotransferase (SGOT) levels in lead workers. Waldron (I964) did not find any rise in SGOT, nor in serum alanine aminotransferase (SGPT) levels. It is important to determine the SGOT/SGPT quotient, because in hepatitis and under the influence of hepatotoxic agents this quotient (normal = i) may be changed. The albumin:globulin (A/G) ratio also may point to disturbance of the liver finction.
Because of the conflicting results reported above, and because few data on the interrelationships of the parameters mentioned have been published, we decided to investigate the correlation between the parameters in a group of workers exposed to inorganic lead.
Subjects
The group examined consisted of 50 workers from an automobile factory, most of them working in the car-body polishing department. An alloy of lead and tin is spread on the car-body and has to be abraded and polished by electrically-driven grinding and polishing apparatus. In the areas of relatively high exposure the workers wore ventilated hoods. Other workers were employed in the car construction department. Lead in air was not determined, but the group was obviously not homogenous in regard to intensity and duration of exposure. The workers were physically examined; I5 of them reported some non-specific symptoms of fatigue, stomachache, and loss of appetite, but without constipation. Cases of manifest lead intoxication were not reported. Because the aim of the investigation was to examine the relationships between several parameters of increased lead absorption within individuals and not the relation between these parameters and the degree of lead exposure or the intensity of symptoms, we did not separate the workers into groups corresponding to their supposed degree of exposure or to the non-specific symptoms they reported.
In order to avoid the problems associated with obtaining 24-hour urine samples, we collected the urine at about 10.30 a.m. The workers had previously voided their bladders at about 8.oo a.m.
Methods
The following laboratory analyses were (Baikie and Valtis, I954) . In this case the number of finely and coarsely stippled cells is about equal. This quotient is independent of the constancy of the number of erythrocytes per microscopical field.
The transaminases were assayed by the method of Reitman and Frankel (1957) . Creatinine in urine was determined by the method of Jaffe (i886). Haemoglobin was determined as cyanmethaemoglobin using a spectrophotometer. Finally the serum protein fractions were separated by means of electrophoresis, using cellulose acetate as the supporting medium.
Results
The results of the laboratory tests are shown in Table I , in order of increasing excretions of CP. (Table I) , therefore in increasing order of CP concentration.
sample, and T is the time in minutes during which the sample was collected (I5o min. in our experiments). This is stated to give the best estimate of the amount of lead excreted in 24 hours. Table III gives the average values for Hb, ALA-dehydratase, basophil quotient, basophil count, SGOT, SGPT, and serum protein pattern in blood.
Discussion and Conclusion
The average haemoglobin level in the exposed group was I5-63 g./Ioo ml., with ii values below ISIo and four below I4'0 g./ioo ml. These levels subjects I to IO, II to 20, 2I to 30, 31 to 40, and 41 tO 50
were not significantly different from those in nonexposed Dutch workers. The low haemoglobin levels in cases 6, 15, 34, and 39, moreover, were not associated with increased CP or ALA excretion, i.e., the anaemia was probably due to other causes.
The workers under observation were, therefore, not suffering from definite lead poisoning but only showed signs of increased lead absorption without anaemia. The exposure data and the absence of definite cases of poisoning in the past support this conclusion.
Except in three workers, the SGOT/SGPT quotient (average i) did not come outside the range found in groups of non-exposed subjects. The same is true of the serum protein patterns. No statistically significant differences were found between the exposed group and a group of nonexposed subjects. The albumin: globulin ratio was also quite normal.
In contrast to Griggs and Harris (I958), we found an increased PBG excretion, although it was only moderate. The mean in the If workers with the highest CP levels was 2-oo mg./l., and in the I5 workers with the lowest CP levels it was o-87 mg./l., which is significantly different (Wilcoxon, P <ooi). According to Haeger-Aronsen (I960), the upper limit of the normal PBG level in urine is 2 mg. /1., with an average of i mg. /litre. In our investigation we found in urine from eight workers more than 2 mg./l., and from 23 workers I to 2 mg./l., but from I9 less than i mg./litre. Although increased PBG excretion was evident in the group under study, it was only found in a fairly small part of the group. PBG excretion, therefore, does not appear to be a useful early indicator for increased lead absorption.
Although the basophil quotient did not reach the value 2 (i.e., So% of the reticulocytes), there was a tendency for it to decrease with increasing CP excretion (Table III) . This decrease is negatively correlated (r = -o070) with the increase of the basophil count (numerical scale). Table I indicates that the increase in basophil count generally occurred after the increase of CP excretion. The validity of the count as an early indicator is therefore less than that of other parameters.
CORRELATION COEFFICIENTS BETWEEN
Nearly all the subjects gave values of ALAdehydratase activity far below normal, on the average only 20%. The normal levels determined in our laboratory on a group of 26 non-exposed subjects agree with those found by Bonsignore et al. (i965a). From Table I it is obvious that this is the most sensitive test examined, perhaps too sensitive to be of use in industrial medicine. It would be interesting to study the order in which various parameters deviate from the normal. This, however, requires a long-term study in animals, or in workers, not hitherto exposed, from the start of their employment in lead-processing industries.
We studied the correlation between the values of the various parameters in individual workers. High correlation coefficients were found between ALA and CP excretion (r = o-85, n = 5o), between CP and lead excretion (r = o-77, n = 24), and between ALA and lead excretion (r = o-79, n = 24). These coefficients are not significantly different. The relationships are shown in Figures I, 2 , and 3.
It should be noted that in Figs. i to 6 the x axis is vertical and the y axis is horizontal; and that as there is variance on both x and y, two lines can be drawn, the best estimate lying between the two.
The relations between the decrease of ALAdehydratase and the increase of CP, ALA, and lead excretion are shown in Figures 4, 5 , and 6. In order to obtain linear relationships we plotted the reciprocals of enzyme activity, ioo/E, against the excretion levels. In Table IV the correlation coefficients (r) between ioo/E and CP, ALA, and lead excretion, each expressed in different ways, are given. The difference between the correlation coefficients for the same parameters, but expressed in different ways, is not statistically significant.
In Table V the correlation coefficients between the basophil quotient and the various other parameters are given. These coefficients are signifi- cantly lower than those given in Table IV (g. /IOO g.). Punctate basophilia, therefore, is a less valid indicator for increased lead absorption than the other parameters investigated.
The relation between CP and ALA excretion shown in Table VI agrees with the results of most investigators. This shows high correlation, except for the data of Djuric, Novak, Milic, and KalicFilipovic (I966) . de Kretser and Waldron (I963) concluded from their data that any significant or linear correlation between the excretion of the two substances may be ruled out but they did not calculate the correlation coefficient. From their graph a significant correlation (r = 0o74, P<O-OI) could be calculated. As levels of both ALA and CP increase similarly, both provide tests of equal sensitivity for lead absorption, at least in the range studied. ALA excretion is more specific because coproporphyrinuria is a more common sign of increased absorption of other metals. High ALA excretion also occurs in porphyria acuta congenita; but in that case PBG excretion is also markedly raised. A slight increase in ALA excretion has also been reported in some rare anaemias.
The determination of ALA excretion is, however, still a highly specialized laboratory procedure whereas the simple method for the semi-quantitative estimation of CP excretion (Donath, 4 and 5, we see that the regression lines between ioo/E and ALA excretion run through the origins but not those between ioo/E and CP excretion. All these results point to the conclusion that ALA excretion definitely precedes CP excretion. A more detailed evaluation of the sequence, however, can only be given by long-term studies in animals and men.
PBG excretion was increased, and the increase was rather strongly correlated with ALA excretion (r = 0-52, P<O-OI). It was only weakly correlated with CP excretion (r = 0-32) and with ioo/E (r = o-28). These values of r are barely significant (P = o0o5). Thus, PBG excretion is more closely related to ALA than to CP excretion, apparently because PBG is directly produced from ALA. However, as PBG excretion is less influenced by lead exposure it is not useful as an early indicator.:
The increase in ALA concentration can be accounted for by the inhibition of ALA-dehydratase. It is, however, surprising that increased PBG levels are found, as PBG is formed from ALA via the action of ALA-dehydratase.
The well-known increase in protoporphyrin IX in blood is also surprising. It can only be supposed that although lead inhibits ALA-dehydratase the remaining activity is still enough in the presence of raised ALA levels to give an increase in PBG. According to Bonsignore et al. (I965b, I965c) , the activity of ALA-dehydratase is strongly inhibited in experimental lead intoxication both in vivo and in vitro. The effect seems to be partly due to oxidation of sulphydryl groups, because the blockage is partly suppressed by substances containing essential thio groups such as cysteine and glutathione. Another manifestation of the overall disturbance of haem synthesis is the inhibition by inorganic leads of the incorporation of the ferric ion into the porphyrin molecule. This leads to an increase of protoporphyrin IX in the erythrocytes and of iron in the serum, ultimately resulting in a decreased haemoglobin level. It seems, therefore, that the anaemia due to the intake of relatively large amounts of lead is caused by inhibition of the 'incorporation enzyme' (Goldberg enzyme) rather than by inhibition of ALA-dehydratase.
